ABSTRACT: A complication of diabetes is the inability of wounds to heal in diabetic patients. Diabetic wounds are refractory to healing due to the involvement of activated matrix metalloproteinases (MMPs), which remodel the tissue resulting in apoptosis. There are no readily available methods that identify active unregulated MMPs. With the use of a novel inhibitor-tethered resin that binds exclusively to the active forms of MMPs, coupled with proteomics, we quantified MMP-8 and MMP-9 in a mouse model of diabetic wounds. Topical treatment with a selective MMP-9 inhibitor led to acceleration of wound healing, re-epithelialization, and significantly attenuated apoptosis. In contrast, selective pharmacological inhibition of MMP-8 delayed wound healing, decreased reepithelialization, and exhibited high apoptosis. The MMP-9 activity makes the wounds refractory to healing, whereas that of MMP-8 is beneficial. The treatment of diabetic wounds with a selective MMP-9 inhibitor holds great promise in providing heretofore-unavailable opportunities for intervention of this disease.
D
iabetes mellitus is a complex metabolic disease that affects >340 million individuals worldwide. 1 Diabetic patients have impaired ability to metabolize glucose, and the ensuing hyperglycemia results in many complications, which include damage to the vasculature and the inability to heal wounds. The vascular damage in diabetes results in ischemia as a contributing factor to the persistence of wounds, 2 causing inflammation and triggering production of reactive oxygen species, which prevent wound closure by damaging the extracellular matrix (ECM). 2, 3 The complications in wound healing in diabetics result in 66 000 lower-limb amputations in the United States every year. 1 Matrix metalloproteinases (MMPs), a family of 26 zincdependent endopeptidases, normally restructure the ECM in an effort to repair the wound, but the ischemic condition in diabetic wounds presents an obstacle. As will be outlined in this report, expression of MMPs in diabetic wounds is altered and contributes to the refractory nature of the wounds to heal.
MMPs are expressed as inactive zymogens (proMMPs), requiring proteolytic removal of the pro domain for their activation, which is mediated by other proteinases, including MMPs. MMPs are further regulated by complexation with tissue inhibitors of matrix metalloproteinases (TIMPs), which block access to the active site. Furthermore, MMPs are expressed at low levels in healthy tissues, but their expression increases during many diseases that involve remodeling of the ECM. This is known to be the case for chronic wounds, 4, 5 except the methods that have been employed do not differentiate among proMMPs and TIMP-complexed MMPs (both inactive as enzymes) and activated MMPs. 6 While MMPs play both beneficial and detrimental roles, 7 most research has focused on the detrimental roles of MMPs with limited studies conducted to ascertain the beneficial actions of MMPs. Without identifying the active unregulated MMPs, we actually do not know which MMP is relevant for disease and which MMP may play a beneficial repair role.
Various techniques are available to profile MMPs; 8 however, these tools generally do not reveal whether the elevated levels of MMPs that are being monitored are due to zymogenic forms, the active MMPs, or TIMP-complexed MMPs. Quantification of mRNA levels by Northern blot analysis and RT-PCR (reverse transcription polymerase chain reaction) are limited in that these methods measure mRNA levels and not the amount and activity of the protein. Immunohistochemistry and Western blot require specific antibodies, which usually cannot distinguish between the zymogen, the active, or TIMPcomplexed MMPs. Zymography detects both zymogen and active MMPs; however, inactive TIMP-complexed MMPs appear as active MMP bands due to dissociation of the noncovalent TIMP-MMP complex under the denaturing conditions of zymography. In-situ zymography is limited by the availability of fluorescent proteinase substrates and has limitations for quantitative determinations. Activity-based enzyme profiling of MMPs requires a library of selective MMPdirected probes.
9−13 A TAPI-2 affinity resin has been reported to identify active MMPs; 14−16 however, the starting materials are very expensive. With the exception of the TAPI-2 resin, the other methods do not identify and quantify the active form of MMPs. Thus, the existing methods have deficiencies in shedding definitive light on the roles of MMPs in various diseases.
In addressing what active MMPs might play roles in disease, we have devised a resin that has been covalently tethered to a broad-spectrum MMP inhibitor (compound 1, Figure 1a) , based on the structure of batimastat. 17 The first feature, the large breadth of inhibitory property by the tethered inhibitor, is of central importance, enabling binding by all active MMPs. Second, by immobilizing the inhibitor to the solid support (Sepharose 6B resin), one should not abrogate its activity. The design paradigms that addressed these criteria have been described previously, 17 but the judicious linkage of the resin via a 12-atom linker segment was incorporated in a portion of the inhibitor that points to the milieu from the MMP active site. The resin binds only to active MMPs, to the exclusion of MMP zymogens and TIMP-inhibited MMPs. After incubation with the resin, the resin-bound proteins are subjected to trypsindigest on the resin. The resultant peptide mixtures are desalted and analyzed by nanoultraperformance liquid chromatography (nano-UPLC) coupled to a tandem mass spectrometer interfaced with a protein database search engine. We detect and quantify the bound active MMPs in wound tissue by our mass spectrometry protocol with a limit of quantification of 6 fmol (10 −15 mol, equivalent to 0.4 pg; see Supporting Information (SI)). We used an excisional wound-healing model in diabetic mice 18 and covered the wounds with occlusive dressing, which effectively splints the wounds open. 18 Splinted wounds impede wound contraction and allow wounds to heal by re-epithelialization and granulation tissue formation, 19 replicating the mechanisms of human wound healing. Using our resin method, we identified active MMP-8 and MMP-9 in wound tissues of diabetic mice. We also analyzed the tissues by zymography, which is a commonly used method in detection of MMPs. Zymography showed the presence of proMMP-2, active MMP-2, and proMMP-9 (SI Figure 1a) , whereas active MMP-9 was conspicuously not detectable by this method. While MMP-2 and MMP-9 have been proposed to exist in diabetic wounds, 20,21 we did not find active MMP-2 in diabetic wounds with our resin. Since the resin binds only to uninhibited active MMP(s), the active MMP-2 band observed by gelatin zymography (SI Figure 1a) has to be TIMP-inhibited, resulting in an inactive form of the enzyme. In contrast, active MMP-9 is not detectable by gelatin zymography (SI Figure 1a) ; however it is the major active MMP determined by the resin method (Figure 1b ). This is due to the lack of sufficient sensitivity by gelatin zymography, for which we determined a lower limit of detection of 10 pg (SI Figure 1b) . In contrast, the lower limit of quantification using the resin is 0.4 pg. While zymography is useful, its limitation is its lower limit of detection.
Methods for quantification of active MMP-8 and MMP-9 were developed using LC-multiple-reaction monitoring (MRM), a highly specific quantitative mass spectrometry method that measures the signal arising when a defined precursor peptide selected in the first quadrupole gives rise to a selected fragment ion in the third quadrupole. We note that active MMP-8 and MMP-9 are present in the wounds of both wild-type and diabetic mice, except that MMP-9 is elevated at statistically significant levels only in diabetic wounds ( Figure  1b) . Gutieŕrrez-Fernańdez et al. have reported that MMP-8 is involved in healing of normal skin wounds. 22 The questions that become pertinent are whether MMP-9 is the culprit in refractory diabetic wound healing and if active MMP-8 in both wild-type and diabetic mice is a reflection of the effort by the tissue in healing. If active MMP-9 plays a detrimental effect on diabetic wound healing, can we intervene pharmacologically? Our laboratories have worked over the years on a class of selective thiirane MMP inhibitors, which inhibit this enzyme by a unique mechanism involving a reaction catalyzed by the target MMP. 23 This inhibitor class shows selectivity in targeting MMPs because of the unique mechanism of action. 23 We assessed the effect of inhibitor 2 (also known as ND-322, Figure 2a ), which exhibits selectivity in inhibition toward MMP-2, MMP-9, and MMP-14, 24 on wound healing as a function of time as a percentage of the initial wound area (Figure 2b) . Therefore, ND-322 would inhibit selectively active MMP-9 found upregulated in diabetic wounds, while sparing MMP-8. If the activity of MMP-9 were to be an impediment to healing of diabetic wounds, then treatment with ND-322 should accelerate wound healing. This is indeed what was observed, as described in the following.
Differences in wound healing in diabetic and wild-type mice treated with vehicle were statistically significant on days 7, 10, and 14 (day 7, 35 ± 21% vs 65 ± 15%, p < 0.01; day 10, 53 ± 19% vs 83 ± 9%, p < 0.01; day 14, 74 ± 12% vs 98 ± 1%, p < 0.01). Wounds in wild-type mice were essentially healed on day 14 ( Figure 2c , top left), while those in diabetic mice lagged behind significantly (Figure 2d, top left) . Hematoxylin-eosin (H&E) staining revealed that wild-type mice showed complete re-epithelialization on day 14 (Figure 2c, top right) , whereas diabetic mice treated with vehicle had partial re-epithelialization (Figure 2d, top right) .
Topical treatment of wounds with ND-322 in wild-type mice did not accelerate healing, compared to vehicle-treatment (day 7, 62 ± 19% vs 65 ± 15%, n = 21; day 10, 82 ± 11% vs 83 ± 9%, n = 14; day 14, 96 ± 4% vs 98 ± 1%, n = 7; p > 0.25, Figure  2b ). Since active MMP-9 is not upregulated in wounds of wildtype mice, treatment with an MMP-9 inhibitor does not appear to have any beneficial effect on wound healing in wild-type animals.
In contrast, topical treatment of wounds with ND-322 in diabetic mice accelerated wound healing (Figure 2b) . On days 1, 3, and 7, wound healing in ND-322-treated and vehicletreated diabetic mice was not statistically significant (p > 0.2, n = 35, 28, and 21 on days 1, 3, and 7, respectively). On days 10 and 14, wound healing was significantly faster in ND-322-treated diabetic mice than in vehicle-treated diabetic mice (day 10, 70 ± 16% vs 53 ± 19%, p < 0.05, n = 14; day 14, 92 ± 4% vs 74 ± 12%, p < 0.01, n = 7). Remarkably, the extent of wound healing of diabetic mice treated with ND-322 on day 14 was comparable to that of wild-type mice (92 ± 4% vs 96 ± 4%, p > 0.14, n = 7). Not only was wound healing in ND-322-treated diabetic mice more rapid, it also entailed complete reepithelialization (Figure 2d , bottom right); as is true for wildtype vehicle-treated wounds (Figure 2c , top right) and wildtype ND-322-treated wounds (Figure 2c, bottom right) .
In-situ zymography detects MMP activity localized within tissues by fluorescence. This method showed considerable gelatinase activity (due to MMP-9) in wound tissues of diabetic mice treated with vehicle ( Figure 2e, top left) , which was significantly decreased on treatment with ND-322 (Figure 2e , bottom left). Nuclei, as visualized with DAPI in vehicle-treated mice, were comparable to those in ND-322-treated animals (Figure 2e , top right and bottom right).
If active MMP-8 is involved in repairing diabetic wounds, can we assess its beneficial role by selective inhibition of its activity? Compound 3 (Figure 3a) has been reported as a nonzinc chelating selective MMP-8 inhibitor. 25 We synthesized racemic compound 3 and documented its selectivity toward inhibition of MMP-8 by enzymology. Compound 3 inhibits MMP-8 with a K i value of 25 ± 2 nM, while it inhibits MMP-9 poorly with a K i value of 76 ± 8 μM. We evaluated this inhibitor in the excisional diabetic wound model (Figure 3b) . Wound healing was delayed in MMP-8 inhibitor-treated wounds (Figure 3b and c, 33 ± 14% vs 46 ± 19% on day 10, p = 0.23, n = 6; 58 ± 9% vs 73 ± 10% on day 14, p = 0.02, n = 6). Re-epithelialization in MMP-8 inhibitor-treated wounds (Figure 3c , bottom left) was decreased relative to vehicle controls (Figure 3c, top left) . In-situ zymography showed that treatment with the MMP-8 inhibitor significantly decreased collagenase activity (due to MMP-8, Figure 3d , bottom left) compared to vehicle-treated wounds (Figure 3d, top left) , while the number of nuclei were comparable (Figure 3d, right) . MMP-9 activity is an instigator of apoptosis. 26 Does treatment with ND-322 decrease apoptosis in diabetic wounds? Analyses of wound tissues by terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) to detect DNA fragmentation resulting from apoptosis revealed that diabetic mice treated with vehicle showed numerous apoptotic cells (Figure 4, left) . Apoptosis was significantly decreased in diabetic mice treated with ND-322 (Figure 4, center) , while mice treated with the MMP-8 inhibitor (Figure 4 , right) had similar number of apoptotic cells as vehicle-treated controls (Figure 4, left) .
We used a uniquely versatile inhibitor-tethered resin for identification of active MMP-8 and MMP-9 in both diabetic and nondiabetic wounds and showed that the levels of the latter were elevated at statistically significant levels only in diabetic wounds. Working with the hypothesis that MMP-9 is detrimental to healing of diabetic wounds but that MMP-8 likely plays a beneficial effect, we inhibited MMP-9 selectively by the use of ND-322. The diabetic wounds healed more rapidly in a process that involved re-epithelialization of the wounds, as is the case for the nondiabetic wounds in wild-type mice. In addition, apoptosis was significantly attenuated. We also used a selective MMP-8 inhibitor and showed that healing of the diabetic wounds was delayed, accompanied by decreased re-epithelialization, and undiminished apoptosis. The present study reveals a beneficial effect of selective inhibition of MMP-9 in healing of diabetic wounds. Whereas the use of the selective inhibitor ND-322 does not show any effect on nondiabetic woundsneither detrimental nor beneficialit is intriguing that the use of the broad-spectrum MMP inhibitor ilomastat (also known as GM-6001) in nondiabetic wounds in rats, 27 pigs, 28 and humans 29 delayed wound closure and diminished epithelialization. These findings reveal that broad inhibition of the "good" and the "bad" MMPs simultaneously is detrimental to the wound-healing process. Clinical management of diabetic wounds presently involves merely debridement of the wound and attempts at keeping it clean and free of infection. The selective MMP-9 inhibition strategy that we have disclosed here is a first potential pharmacological intervention in treatment of diabetic wounds, which holds great promise in addressing an unmet medical need.
■ METHODS
Syntheses and Formulation of Inhibitors 2 and 3. Inhibitor 2 (ND-322) was synthesized as reported previously 24 and dissolved in saline (5.0 mg mL −1 ). Inhibitor 3 was synthesized by the literature method; 27 its spectroscopic data were identical to that reported in the literature, 25 and it was formulated in 80% propylene glycol/20% DMSO at a concentration of 5.0 mg mL −1 . The dosing solutions and the vehicle solutions (saline or 80% propylene glycol/20% DMSO) were sterilized by filtration (Acrodisc syringe filter, Pall Life Sciences, 0.2 μm, 13 mm diameter, PTFE membrane).
Synthesis of MMP Inhibitor-tethered Resin. Resin 1 was synthesized in our laboratories in 12 synthetic steps as previously reported. 17 MMP-Expression Profiling. Wound tissues (10 mg) were homogenized in 100 μL of cold lysis buffer (25 mM Tris-HCl pH 7.5, 100 mM NaCl, 1% v/v Nonidet P-40 and protease inhibitors, with the exception of metalloproteinase inhibitors), analyzed for protein concentration by the BCA protein assay, and mixed with 100 μL of resin 1 at 4°C for 18 h. After centrifugation (15 000g, 1 min) , the supernatant was removed, the resin beads were washed with CB buffer and water, and the resin bound proteins were subjected to trypsindigest. The procedure for on-resin reduction, alkylation, and tryptic digestion was adapted from the Pierce In-Solution Tryptic Digestion Kit (Thermo Scientific). Briefly, proteins were covered with 100 mM dithiothreitol in HPLC grade water, incubated at 65°C for 20 min, then cooled to room temperature (RT). Samples were then alkylated (3 μL of 100 mM iodoacetamide in HPLC-grade water), followed by incubation in the dark at RT for 20 min. Samples were then enzymatically digested overnight at 37°C with trypsin (2 μL of 0.1 μg μL −1 in 50 mM ammonium bicarbonate).
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